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1. INTRODUCTION

Gasdynamic modeling (Nusca 1993, 1994) and experimental testing are currently underway at the
U.S. Army Research Laboratory (ARL) under the auspices of the Hybrid In-bore Ram (HIRAM)
Acceleration program (Kruczynski 1991, 1993). The goal of the HIRAM program is to develop launchers
that will economically and routinely accelerate large masses (7 kg+) to velocities exceeding 3 km/s for
hypervelocity launch and terminal effects studies. In addition, as the technology progresses, the HIRAM
program is evaluating its potential use for other applications such as theater missile defense and ground

launch to space.

The ARL test facility consists of accelerator tubes made from retired 120-mm, M256 tank guns,
machined and mated. A solid propellant preaccelerator is used to bring the projectile up to the velocity
required for ram/scram propulsion. A vent section serves the dual purpose of decoupling the conventional
launch gun recoil from the accelerator (sliding interface) and venting the back pressure from the
conventional charge combustion. The HIRAM facility was initially designed to accommodate five
4.7-m-long accelerator tubes for a total combined length of 23.5 m. Expansion to 60 m is possible. Gases
are supplied from a bottle farm and diaphragm compressor capable of supplying five different gases at
pressures up to 341 atm. A large vacuum pump installed near the accelerator is capable of evacuating any

part of the launch/vent/accelerator assembly.

Instrumentation within the accelerator tube includes wall-mounted quartz pressure transducers and
photo diode gages. High-speed movie and still-frame (smear) cameras are employed at various locations
around the accelerator. Doppler radar is used to measure projectile exit and in-bore velocity. Gas samples
are analyzed online by a portable gas chromatography system or are taken just before firing for later
analysis. The current projectile is made of high-strength aluminum alloy and is geometrically modeled
after designs tested at the University of Washington (Hertzberg, Bruckner, and Bogdanoff 1988; Higgins,
Knowlen, and Bruckner 1993; Hinkey, Burnham, and Bruckner 1993).

Photographs of the HIRAM facility and projectile can be viewed in Figure 1. Additional details about
the HIRAM facility are available in Kruczynski (1991).



Accelerator with transparent chamber and HIRAM projectile. In the left photo, from rear to

front, are 5.3-m-long, 120-mm-bore diameter tank gun preaccelerator, 2.1-m-long vent section
and two 4.7-m-long accelerator sections. Also shown attached to end of accelerator is
transparent visualization chamber. Shown in right is 0.522-m-long aluminum projectile with
preaccelerator gun obturator, total launch mass is 4.80 kg.




*

2. MOTIVATION

2.1 Starting the Ram Accelerator. For ignition and inlet (throat) starting, the ram acceleration process

currently requires the projectile be injected into the accelerator’s fuel/oxidizer/diluent mixture (or simply
propellant) at a velocity well above the sound speed of the mixture to properly swallow and ignite the
relatively high-speed flow. In this starting regime, the physics are complex and vary with accelerator
design.

In smooth-bore accelerators, projectiles ride on fins to ensure in-bore stability while allowing sufficient
flow through the projectile throat. This design necessitates the use of an obturator behind the projectile
during launch from the preaccelerator into the accelerator proper. The obturator serves to seal the
preaccelerator gases behind the projectile for efficient acceleration and to prevent excessive leakage of
gases in front of the projectile prior to entrance to the accelerator. Excessive buildup of gases in front
of the projectile is capable of bursting diaphragms at the accelerator entrance well ahead of the oncoming
projectile. Under these conditions, it is unlikely that the projectile throat will swallow the compressed
flow preceding it, resulting in an unstart, or perhaps more appropriately, a nonstart.

While the obturator serves its necessary role in the preaccelerator, its function in the ram acceleration
process is less clear. It has been assumed that the stagnation of flow on the obturator serves to ignite the
accelerator propellant gases, which, once ignited, remain so during acceleration of the projectile. Early
experiments at the University of Washington indicated that the flow could not be ignited without the
stagnation caused by the presence of an obturator (Bruckner et al. 1991).

However, this requirement may be strongly influenced by the geometry of the accelerator and
projectile, as well as the energy in the gaseous propellant and the relative Mach number of the projectile
at injection. Recent successful experiments at the Institute of Saint Louis, France, with a 30-mm ram
accelerator utilizing a railed fube (finless projectile) and a preaccelerator which requires no obturator (since

the projectile fills the full-bore diameter), support this assumption (Seiler 1994).

Under some conditions, the obturator can both ignite the flow and provoke an unstart. This will occur,
for instance, if the obturator is too massive or the back pressure from the preaccelerator is too high to
allow rapid separation from the projectile base. The stagnated combusting flow and/or a normal shock
will eventually disgorge through the projectile throat. Avoiding this situation requires that a complex and




somewhat cumbersome venting arrangement be made that reduces the back pressure on the obturator
allowing it to separate in sufficient time for stabilized flow to remain supersonic over the projectile throat.
In addition, the effect of perforating diaphragms during entrance to the accelerator on projectile integrity
and the starting process is largely unknown.

To date, all unstarts that have resulted during testing at ARL have occurred within the first few
projectile lengths of travel in the accelerator. While limited testing with online gas chromatography
indicates that some unstarts may be explained by incomplete mixing of the propellant gases, which can
result in localized high-energy regions in the flow, there is sufficient mystery in the starting process to
support this study. There is also a companion computational fluid dynamics (CFD) study (Nusca 1994)
to enhance the understanding of the process occurring during the critical starting phase in ram accelerators.
It was felt that a better understanding of the transient starting process would assist in reducing the need

for complex venting arrangements while eliminating or greatly reducing the chances for initial unstarts.

2.2 Running Combustion in a Ram Accelerator. Once ignition of the propellant gases has occurred

and the obturator is separated sufficiently from the projectile base (several projectile lengths), the projectile
can be said to be cruising, or running, with stabilized combustion, controlled by the strength of the shock
system over the projectile and the energy of the propellant gases. In this mode, the projectile will
continue to accelerate until either the energy release ahead of the projectile throat exceeds that released
behind the throat, or the heat release behind the throat is sufficient to produce pressures that choke the
flow and disgorge combustion/shocks through the throat. The latter failure mode is a classical unstart seen
in scramjet engines. The former failure mode is unique to ram accelerators and is attributed to the

premixed propellant mixture through which the vehicle accelerates.

Projectile structural failure will also provoke an unstart. Projectile failure can be attributed to heat-
induced structural weakening, unbalanced or localized pressures loads, or ablation. When an unstart
occurs the projectile is almost always found to be destroyed. However, it has not been possible to discem
if the unstart was caused by the projectile failure or if projectile failure is a result of the unstart. It was,
therefore, desirous to develop a technique to view these processes in as near to the normal operating

environment as possible to assist in analysis of the physics involved and confirm CFD efforts.

‘e
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3. EXPERIMENTAL DESIGN

3.1 Starting Visualizations. Experimentally visualizing the starting process proved to be more

challenging than visualizing running or steady combustion. This was largely due to the violent
combustion/venting from the preaccelerator, which is not present further along in the accelerator. In
addition, should the projectile burst through the chamber walls at the beginning of the accelerator, fhe
remainder of the accelerator and nearby instrumentation could be damaged. Further, it was desirous to
capture the entire sequence at start, including activity at the entrance diaphragm, which necessitated a more
complex experimental arrangement. For these reasons, the steady combustion visualizations were
performed before the transient/starting visualizations. However, for clarity, they continue to be reported

in the order in which the processes occur in the ram accelerator.

The experimental setup used in the transient visualizations is shown in Figure 2. The primary
components in the system are transparent acrylic tubes with nominal internal diameters of 120.7 mm and
external diameters of 146.1 mm. Since the ARL projectile’s maximum diameter is 119.8 mm at the fins,
these tubes very closely mimicked the interface dimensions between the actual steel-accelerator tubes
(120-mm diameter) and the projectile. The first tube (from the left in Figure 2) is nominally 0.91 m in
length and is attached to the vent section and evacuated to about 0.05 atm prior to firing. This evacuated
tube is attached to a flange that mates to a 1.83-m-long acrylic tube. The flange also incorporates a
diaphragm that can be of any desired material. The second tube is sealed at its free end by a second
diaphragm and retaining cap, which is further enclosed in a retaining box bolted to the accelerator-
mounting I-beam. This second tube was filled with the desired propellant. While steady combustion
visualization tests at pressures in excess of 50 atm have been conducted, the acrylic tubes used for these
studies were inconsistent in mechanical properties beyond 20 atm. In addition, there was concem for
exposed instrumentation in the relatively violent combustion of stafting. It was therefore decided to limit

the propellant pressures in the starting study to 20 atm.

The entire preaccelerator (gun and vent) is intentionally obscured from view by large shields, as seen

in Figure 2. The function of these shields is to block the highly luminous gases from the preaccelerator

from overwhelming the processes being filmed in the transparent chambers.

Instrumentation employed in these studies included three 16-mm, high-speed (5,000-10,000 frames

per second [f/s]) color cameras focusing on various locations in the transparent tubes. A 35-mm, black-



Figure 2. Two views of experimental setup for transient (starting) combustion studies. Top view shows

preaccelerator and vent section which are blocked from view of the transparent sections to
reduce the excessive light from the venting process. Bottom view, from left to right, shows
0.91-m-long transparent tube attached to the vent, flange with diaphragm, and 1.83-m-long
transparent tube filled with the fuel/oxidizer.
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and-white smear camera was focused near the end of the second tube to capture a still image of the
projectile intube. In addition, a standard VCR camera recorded the firings. Radars of 10 and 15 Ghz
were reflected into the tubes to measure intube velocity profiles. In addition, a scale that ran the length
of the transparent tubes was used for direct measurement of projectile/obturator travel through film

analysis.

No steel-accelerator tubes were employed beyond the sacrificial acrylic tubes due to the potential for
damage. The fuel/oxidizer diluent used was (on a molar basis) 20, + 10 N, + 3 CH, at 20 atm. The
dimensionless heat-release values (AQ/CPT), sound speed, and Chapman-Jouget detonation velocity for
this mixture at this pressure are 3.0, 361 m/s, and 1,442 m/s, respectively. After the first test (shot 30),

changes were made to the standard obturator and projectile to promote visualization (Figure 3).

3.2 Running Visualizations. To visualize established or running combustion, a l.83-m-1ong acrylic

tube of 127-mm i.d. and 152-mm o.d. was used. It was attached to the end of a 9.4-m-long accelerator.
There was no diaphragm at the accelerator/acrylic tube interface (O-ring seal) allowing unimpeded
transition from the standard steel-accelerator tube into the transparent section. It was sealed at the
downrange end with an aluminum cap and PVC diaphragms. It was pressurized along with the
steel-accelerator tube to 51 atm with the same mixture described previously for the starting tests. The
dimensionless heat-release values (AQ/CPT), sound speed, and Chapman-Jouget detonation velocity for
this mixture at this pressure are 3.3, 361 m/s, and 1,466 m/s, respectively. The test setup is depicted in
Figure 4.

4. RESULTS

4.1 Starting Visualizations. The first shot in the series (shot 30) showed that, as long suspected, the

obturator does not provide a perfect seal of preaccelerator gun gases up to accelerator entrance. A
significant amount of light from preaccelerator gases was seen to lead the projectile into the first
transparent tube. These gases led the projectile by over a half a meter and piled up against the entrance
diaphragm, totally obscuring the projectile on entrance. These gases did not burst the diaphragm and the
projectile caught up with and passed them during diaphragm puncture. The obturator was seen to be off

the projectile base and cocked as the projectile entered the second transparent section.



Figure 3. Photos show enhancements made to the projectile and obturator to lessen light leakage past the
obturator (blowby) and improve visualization of the projectile in the transparent chamber.
Obturator length was increased to preclude in-bore cocking and projectile was painted black
with temperature resistant paint.

‘Figure 4. Photo_showing 1.83-m-long transparent chamber attached to the end of the accelerator for

steady (running) combustion visualization. The projectile is shown under the chamber for
comparison.




The projectile in shot 30 did start and accelerate through the second chamber; however, the gaseous
blowby, light from ram ignition, and reflective aluminum projectile combined to prevent significant details
of the process to be clearly seen. For the next test (shot 31), the obturator was lengthened considerably
to both promote better sealing and prevent in-bore cocking. In addition, the projectile was painted flat

black with a temperature-resistant paint. These changes can be seen in Figure. 3.

Shot 31 revealed reduced but still significant light leakage by the obturator during entrance into the
first evacuated transparent section. However, a combination of the reduced light, the blackened projectile,

and improved camera angles were able to reveal significant details of the combustion process.

Shown in Figure 5 is a series of frames from a high-speed movie camera running at 7,000 f/s and
aimed at a 30° angle towards the oncoming projectile (traveling right to left). In the first frame of
Figure 5, the mylar diaphragm at the entrance to the second clear chamber can be seen backlit by the
preaccelerator gasses that have entered the first evacuated test section ahead of the projectile and are
building up on the diaphragm face (see Figure 2 for location reference). In the second frame, the
projectile nose is clearly seen piercing the diaphragm and has entered the second visualization chamber
about 127 mm, or a quarter of a projectile length. In the third frame, the projectile has entered to
approximately 254 mm, or to the throat of the projectile. Note that no combustion in the second chamber
has occurred up to this point. In the nexf frame (not shown), intense combustion masks the projectile.

This is better seen in Figure 6a.

Figure 6a is a side view of part of the entrance section (evacuated) and the first two-thirds of the
combustion visualization chamber. The camera is running at 9,000 f/s. In the first frame, the projectile
is just entering the combustion chamber (traveling left to right). In frames 2 and 3, iniense combustion
activity masks the projectile. By frame 4, the projectile can be seen outrunning the intense combustion

with about two-thirds of the projectile nose clear of combustion activity.

Figure 6b is a continuation of the movie strip in Figure 6a. In the first two frames, the nose of the
projectile stays just ahead of the intense combustion. In the last two frames, the combustion intensity

begins to lessen and to take on a more flame-like structure similar to that seen in running combustion.

Figure 7 is a black and white smear (still) camera shot of the projectile just before exit from the

combustion chamber (1.8 m of travel in combustible mixture). At this point, most of the nose is visibly




Figure 5. Frames from high-speed movie of shot 31 penetrating the mylar diaphragm and entering the
second transparent tube. The diaphragm is backlit by light from combustion in the

preaccelerator. In the second and third frames, the projectile pierces the diaphragm and enters
the clear chamber.

10




Figure 6a. Frames from high-speed movie of shot 31 entering the combustion chamber and startup of ram
combustion. Very intense light in first few frames indicate critical time when the obturator
is close to the projectile’s base.

11



Figure 6b. Frames from high-speéd movie of shot 31 entering the combustion chamber and startup of ram
combustion. The projectile is moving away from the obturator while the combustion is

moving back on the projectile body.

12
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Figure 7. Smear (still) photograph of projectile in-bore nearing the end of the transparent chamber.
Combustion masks the rear of the projectile body. The obturator can be seen 1 1/4 of a
projectile length (0.653 m) behind the projectile’s throat.

combustion free while the aft end of the projectile is immersed in combustion. The obturator is seen
trailing the projectile by about 360 mm, or about two-thirds of a projectile length. Note that the obturator
appears to be broken up somewhat, allowing some flow to pass through it. Note also that the projectile
nose tip appears to suffer no damage from diaphragm puncture and there is no indication of combustion
in the nose region. The projectile velocity and Mach number at this point are 1,300 m/s and 3.6,

respectively.

4.2 Running Visualizations. Figure 8 is a side view of a projectile (shot 27) accelerating through the

running visualization section (traveling right to left) shown in Figure 4. The sequence of frames is from
a high-speed movie running at 5,000 f/s. Note that this section is attached at the end of a second
accelerator tube and is located 9.4 m from the entrance to the accelerator. Since the obturator is well
downstream of the projectile, at this point, the combustion profile through this section is relatively constant

with the primary combustion zone located near the throat (and fin leading edges). The transparent tube

13




Figure 8. Frames from high-speed movie of shot 27 as the projectile accelerates through the transparent
chamber with ram combustion established.
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used in this test is slightly oversize (127 mm), leaving 7-mm-diametric clearance around the fins. This
clearance appears to allow the projectile to cock slightly in-bore. The combustion around the projectile
does not appear to be greatly effected by the projectile nonsymmetry. The peak projectile velocity and

Mach number in this section are 1,480 m/s and 4.1, respectively.

5. ANALYSIS

The starting process appears to exhibit several tendencies predicted by CFD calculations (Nusca 1994).
As the projectile enters the optically clear combustion chamber with the obturator closely behind it, the
incoming flow stagnates on the obturator face and bulk ignites the flow from the obturator forward over
at least two-thirds of the projectile. This combustion is very intense as evidenced by extreme light

emission.

As the projectile accelerates away from the obturator, the combustion moves back on the projectile
body and becomes much less intense. The combustion, which now stabilizes near the throat region, also
appears to develop evidence of some flame structure. In a case such as shot 27 where the obturator is
very far downstream from the projectile base (many projectile lengths), the combustion appears stabilized
with combustion located in the throat/fin leading edge region.

In the current visualizations, the shock structure around the projectile, especially in the combusting
regions, was not visible. However, time-accurate CFD simulations of the startup and stabilization of
combustion including sabot discard under similar conditions (but higher pressure—S50 atm) reveal that a
normalized shock starts in the stagnated flow near the base of the obturator and moves forward during the
early motion of the projectile. This shock very nearly disgorges through the throat before moving
backwards as the obturator is shed, relieving the backpresure behind the projectile (see Nusca [1994] for
further details).

Although the visualization experiments were by necessity conducted at lower pressures (20 atm) than
the CFD simulations, the same trends in flow conditions are believed to be accurate. For instance, the
lower pressures of the experiments would slow obturation separation, however, this effect on the

combustion environment would be partially offset by slower propellant kinetics.




The combination of combustion on and the normal shock nearing the projectile forebody provides a
precarious situation in terms of the possibility for a projectile unstart. Slight perturbations in mixture

chemistry, obturator integrity, and/or projectile stability could quickly invoke an unstart.

To reduce the probability of an unstart, it appears desirable to capture or modify the obturator such
that ignition onset and intensity is controlled and repeatable. Conceivably, a higher degree of confidence
in initial combustion conditions would also allow higher energy propellant mixtures to be used with lower

probability of initial unstarts.
6. CONCLUSIONS

o Flow visualization techniques for transient and steady combustion in normal or near normal

conditions have been demonstrated.

- Transient flow visualizations indicate that very intense combustion is exhibited around almost the
entire projectile body until the obturator is well downstream of the projectile. This confirms CFD

calculations for these conditions.

o Steady flow visualizations reveal stable combustion from the projectile throat back after the

obturator is shed.

» Reductions in unstarts and potential performance increases are suggested by the abatement in the

severity of initial combustion using improved control of the obturator location relative to the projectile.
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US ARMY BMDS CMD
ADVANCED TECHLGY CTR
PO BOX 1500

HUNTSVILLE AL 35807-3801

COMMANDER

US ARMY ARDEC

ATTN SMCAR CCH V

C MANDALA

E FENNELL

PICATINNY ARSENAL NIJ
07806-5000

COMMANDER

US ARMY ARDEC

ATTN SMCAR AEE

J LANNON

PICATINNY ARSENAL NJ
07806-5000

COMMANDER

US ARMY ARDEC
ATTN SMCAR AEE B
D DOWNS

S EINSTEIN

S WESTLEY

S BERNSTEIN

J RUTKOWSKI

B BRODMAN

P HUI

PICATINNY ARSENAL NJ
07806-5000

COMMANDER

US ARMY ARDEC

ATTN SMCAR AEE WW
M MEZGER

PICATINNY ARSENAL NJ
07806-5000

20
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1

COMMANDER

US ARMY ARDEC

ATIN SMCAR FSA F
LTC R RIDDLE
PICATINNY ARSENAL NJ
07806-5000

COMMANDER

US ARMY ARDEC

ATTN SMCAR FS T GORA
PICATINNY ARSENAL NJ
07806-5000

COMMANDER

US ARMY ARDEC

ATTN SMCAR FS DH

J FENECK

PICATINNY ARSENAL NJ
07806-5000

COMMANDER

US ARMY ARDEC

ATTN SMCAR FSN N

K CHUNG

A BAHIA

R LEE

PICATINNY ARSENAL NJ
07806-5000

DIRECTOR

BENET WEAPONS LABS
ATTN SMCAR CCB RA

G O’'HARA

G PFLEGL

WATERVLIET NY 12189-4050

DIRECTOR
BENET WEAPONS LABS
ATTN AMSTA AR CCB S

F HEISER |
WATERVLIET NY 12189-4050

COMMANDER

US ARMY RSRCH OFC
ATTN TECHNICAL LIBRARY
D MANN

PO BOX 12211

RESEARCH TRIANGLE PARK NC

27709-2211




NO. OF
COPIES

ORGANIZATION

COMMANDER

USACECOM

R&D TECHNICAL LIBRARY
ATTN ASQNCELCISLR

MYER CENTER

FORT MONMOUTH NIJ 07703-5301

COMMANDER

US ARMY BELVOIR R&D CTR
ATTN STRBE WC

FORT BELVOIR VA 22060-5006

COMMANDER

US ARMY NGIC

ATTN AMXST MC 3

220 SEVENTH ST NE
CHARLOTTESVILLE VA
22901-5396

US ARMY RESEARCH OFC UK
ATTN DR R REICHENBACH
PSC 802 BOX 15

APO AE 09499-1500

COMMANDER

NAVAL SEA SYSTEMS CMD
ATTN SEA 62R

SEA 64

WASHINGTON DC 20362-5101

COMMANDER

NAVAL AIR SYSTEMS CMD
ATTN AIR 954 TECH LIBRARY
WASHINGTON DC 20360

COMMANDER

NAVAL RSRCH LAB

ATTN TECH LIBRARY
WASHINGTON DC 20375-5000

COMMANDER

NAVAL RSRCH LAB

ATTN TECHNICAL LIBRARY
CODE 6410

K KAILASANATE

CLI

J BORIS

E ORAN

WASHINGTON DC 20375-5000
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COPIES

ORGANIZATION

OFFICE OF NAVAL RSRCH
ATTN CODE 473

R MILLER

800 N QUINCY ST
ARLINGTON VA 22217-9999

OFFICE OF NAVAL TECHLGY
ATTN ONT 213

D SIEGEL

800 N QUINCY ST
ARLINGTON VA 22217-5000

COMMANDER

NAVAL SURFACE WARFARE CTR
ATTN T SMITH

K RICE

S MITCHELL

S PETERS

J CONSAGA

C GOTZMER

TECHNICAL LIBRARY

INDIAN HEAD MD 20640-5000

COMMANDER

NAVAL SURFACE WARFARE CTR
ATTN CODE G30

GUNS & MUNITIONS DIV
DAHLGREN VA 22448-5000

COMMANDER

NAVAL SURFACE WARFARE CTR
ATIN CODE G32

GUNS SYSTEMS DIV

DAHLGREN VA 22448-5000

COMMANDER

NAVAL SURFACE WARFARE CTR
ATTN CODE G33

T DORAN

DAHLGREN VA 22448-5000

CCMMANDER

NAVAL SURFACE WARFARE CTR
ATTN CODE E23

TECHNICAL LIBRARY
DAHLGREN VA 22448-5000

COMMANDER

NAVAL SURFACE WARFARE CTR
ATTN CODE C23

G GRAFF

DAHLGREN VA 22448-5000




NO. OF

COPIES ORGANIZATION

2

COMMANDER

NAVAL AIR WARFARE CTR
ATTN CODE 388

C F PRICE

T BOGGS

CHINA LAKE CA 93555-6001

COMMANDER

NAVAL AIR WARFARE CTR
ATTN CODE 3895

T PARR

R DERR

CHINA LAKE CA 93555-6001

COMMANDER

NAVAL AIR WARFARE CTR
INFORMATION SCIENCE DIV
CHINA LAKE CA 93555-6001

COMMANDING OFFICER

NAVAL UNDERWATER SYSTEMS CTR
ATTN CODE 5B331

TECH LIBRARY

NEWPORT RI 02840

AFOSR NA
ATTN J TISHKOFF
BOLLING AFB DC 20332-6448

OLAC PL TSTL
ATTN D SHIPLETT
EDWARDS AFB CA 93523-5000

AL LSCF

ATTN J LEVINE

L QUINN

T EDWARDS

EDWARDS AFB CA 93523-5000

WL MNAA
ATTN B SIMPSON
EGLIN AFB FL 32542-5434

WL MNME

ENERGETIC MATERIALS BR
2306 PERIMETER RD

STE 9

EGLIN AFB FL 32542-5910
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1

WL MNSH
ATTIN G ABATE
EGLIN AFB FL 32542-5434

WL POPS

ATTN BALU SEKAR

BLDG 18

1950 FIFTH ST

WRIGHT PATTERSON AFB OH
45433

NASA LANGLEY RSRCH CTR
ATTN M S 408

W SCALLION

D WITCOFSKI

HAMPTON VA 23605

ELORET

NASA AMES RESEARCH CTR
ATTN D BOGDANOFF

MAIL STOP 230 2

MOFFETT FIELD CA 94035-1000

CENTRAL INTELLIGENCE AGENCY
OFC OF THE CENTRAL REFERENCES
DISSEMINATION BRANCH

ROOM GE 47 HQS

WASHINGTON DC 20502

CENTRAL INTELLIGENCE AGENCY
ATTN J BACKOFEN

NHB ROOM 5NO1

WASHINGTON DC 20505

SDIO TNI

ATTN L H CAVENY
PENTAGON

WASHINGTON DC 20301-7100

SDIO DA

ATTN E GERRY

PENTAGON

WASHINGTON DC 21301-7100

HQ DNA

ATTN D LEWIS

A FAHEY

6301 TELEGRAPH RD
ALEXANDRIA VA 22310-3398




NO. OF

COPIES ORGANIZATION

1

DIRECTOR

SANDIA NATL LABS
ATTN M BAER
DEPARTMENT 1512

PO BOX 5800
ALBUQUERQUE NM 87185

DIRECTOR

SANDIA NATL LABS

ATTN R CARLING
COMBUSTION RSRCH FACILITY
LIVERMORE CA 94551-0469

DIRECTOR

SANDIA NATL LABS

ATTN 8741

G BENEDITTI

PO BOX 969

LIVERMORE CA 94551-0969

DIRECTOR

LAWRENCE LIVERMORE NATL LAB
ATTN L 355

A BUCKINGHAM

M FINGER

PO BOX 808

LIVERMORE CA 94550-0622

DIRECTOR

LOS ALAMOS SCIENTIFIC LAB
ATIN T3

D BUTLER

PO BOX 1663

LOS ALAMOS NM 87544

DIRECTOR

LOS ALAMOS SCIENTIFIC LAB
ATTN M DIVISION

B CRAIG

PO BOX 1663

LOS ALAMOS NM 87544

THE UNIV OF AUSTIN TEXAS

INSTITUTE FOR ADVANCED TECHLGY

ATIN T KIEHNE
40302 W BRAKER LANE
AUSTIN TX 78759-5329
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2

CPIA JHU

ATIN H J HOFFMAN

T CHRISTIAN

10630 LITTLE PATUXENT PKWY
STE 202

COLUMBIA MD 21044-3200

CALIF INSTITUTE OF TECHLGY
JET PROPULSION LAB

ATTIN L D STRAND MS 125 224
4300 OAK GROVE DR
PASADENA CA 91109

CALIF INSTITUTE OF TECHLGY
ATTN F E C CULICK

204 KARMAN LAB

MAIN STOP 301 46

1201 E CALIFORNIA ST
PASADENA CA 91109

GEORGIA INSTITUTE OF TECHLGY
SCHOOL OF AEROSPACE ENGRG
ATIN B ZIM

E PRICE

W STRAHLE

ATLANTA GA 30332

UNIV OF ILLINOIS

DEPT OF MECH INDUSTRY ENGRG
ATTN H KRIER

R BEDDINI

144 MEB 1206 N GREEN ST
URBANA IL 61801-2978

UNIV OF MASSACHUSETTS
DEPT OF MECHANICAL ENGRG
ATTIN K JAKUS

AMHERST MA 01002-0014

UNIV OF MINNESOTA

DEPT OF MECHANICAL ENGRG
ATTIN E FLETCHER
MINNEAPOLIS MN 55414-3368

PENNSYLVANIA STATE UNIV
DEPT OF MECHANICAL ENGRG
ATTN V YANG

K KUO

C MERKLE

UNIVERSITY PARK PA
16802-7501




NO. OF

COPIES ORGANIZATION

1

RENSSELAER POLYTECHNIC INSTITUTE
DEPT OF MATHEMATICS
TROY NY 12181

STEVENS INSTITUTE OF TECHLGY
DAVIDSON LABORATORY

ATTN R MCALEVY Il

CASTLE POINT STATION
HOBOKEN NIJ 07030-5907

RUTGERS UNIVERSITY

DEPT OF MECH & AEROSPACE ENGRG
ATTIN S TEMKIN

UNIVERSITY HEIGHTS CAMPUS

NEW BRUNSWICK NJ 08903

UNIV OF UTAH

DEPT OF CHEMICAL ENGRG
ATIN A BAER

SALT LAKE CITY UT
84112-1194

WASHINGTON STATE UNIV
DEPT OF MECHANICAL ENGRG
ATTN C CROWE

PULLMAN WA 99163-5201

STANFORD UNIVERSITY
MECHANICAL ENGRNG DEPT
ATTN R HANSON

STANFORD CA 94305-3032

PURDUE UNIVERSITY
SCHOOL OF AERO & ASTRO
ATTN N MESSERSMITH

1282 GRISSOM HALL

WEST LAFAYETTE IN
47907-1282

GENERAL APPLIED SCIENCES LAB
ATTN J ERDOS

77 RAYNOR AVE

RONKONKAMA NY 11779-6649

FMC CORPORATION

NAVAL SYSTEMS DIVISION
ATTN ANTHONY GIOVANETTI
4800 E RIVER RD
MINNEAPOLIS MN 55421
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4

MARTIN MARIETTA
TACTICAL SYSTEM DEPT
ATIN J MANDZY

I MAGOON

P JORDAN

D COOK

100 PLASTICS AVE
PITTSFIELD MA 01201-3698

HERCULES INC

ALLEGHENY BALLISTICS LAB
ATTN W WALKUP

T FARABAUGH

PO BOX 210

ROCKET CENTER WV 26726

OLIN ORDNANCE

ATTN A GONZALEZ

D WORTHINGTON

PO BOX 222

ST MARKS FL 32355-0222

OLIN ORDNANCE

ATTN H A MCELROY
10101 9TH ST N

ST PETERSBURG FL 33716

PRINCETON COMBUSTION RSRCH LABS INC
PRINCETON CORPORATE PLAZA

ATIN N MER

N MESSINA

11 DEERPARK DR BLDG IV STE 119
MONMOUTH JUNCTION NJ 08852

SCIENCE APPLICATIONS INTL CORP
ATTN M PALMER

2109 AIR PARK RD

ALBUQUERQUE NM 87106

SOUTHWEST RSRCH INSTITUTE
ATTN J RIEGEL

6220 CULEBRA ROAD

PO DRAWER 28510

SAN ANTONIO TX

78228-0510

SVERDRUP TECHLGY INC
ATTN DR J DEUR

2001 AEROSPACE PKWY
BROOK PARK OH 44142




NO. OF
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NO. OF

COPIES ORGANIZATION

2

88

VERITAY TECHLGY INC
ATTN E FISHER

R TALLEY

4845 MILLERSPORT HWY
EAST AMHERST NY 14501-0305

ADROIT SYSTEMS INC
ATTN J HINKEY

411 108TH AVE NE
STE 1080

BELLEVUE WA 98004

NASA

ATTN CODE 5 11

B MCBRIDE

CLEVELAND OH 44135-3191

UNIVERSITY OF WASHINGTON
AERO & ENGERTICS RSRCH PRGM
ATTN A BRUCKNER

BOX 352250

SEATTLE WA 98195-2250

THE JOHNS HOPKINS UNIV
APPLIED PHYSICS LABORATORY
ATTN D VAN WIE

LAUREL MD 20723

ABERDEEN PROVING GROUND

CDR, USAATC
ATTN: STECS-LI, R. HENDRICKSEN

DIR, USARL
ATTN: AMSRL-WT,
I MAY
D. ECCLESHALL
AMSRL-WT-P,
A. HORST
J. DANTE
AMSRL-WT-PA,
T. MINOR
T. COFFEE
G. WREN
A. BIRK
J. DE SPIRITO
A. JUHASZ
C. LEVERITT
M. MCQUAID
W. OBERLE
P. TRAN

AMSRL-WT-PA (CONTINUED)

K. WHITE

L-M. CHANG

J. COLBURN

P. CONROY

G. KELLER

D. KOOKER

M. NUSCA

T. ROSENBERGER

R. ANDERSON

A. BRANT

C. BULLOCK

M. DEL GUERCIO

J. HEWITT

S. HOWARD

A. JOHNSON

G. KATULKA

J. KNAPTON

D. KRUCZYNSKI (6 CP)

F. LIBERATORE (6 CP)

P. REEVES

M. RIDGLEY

C. RUTH

I. STOBIE

J. TUERK

A. WILLIAMS
AMSRL-WT-PB,

P. PLOSTINS

E. SCHMIDT

M. BUNDY
AMSRL-WT-PC,

R. FIFER

W. ANDERSON

R. BEYER

M. MILLER

S. BUNTE

A. KOTLAR

A. MIZIOLEK

R. PESCE-RODRIGUEZ
AMSRL-WT-PD,

B. BURNS

J. BENDER

L. BURTON
AMSRL-WT-T, W. MORRISON
AMSRL-WT-TA, W. GILLICH
AMSRL-WT-TB, R. FREY
AMSRL-WT-TC,

W. DE ROSSET

B. SORENSEN
AMSRL-WT-TD, A. DIETRICH
AMSRL-WT-W, C. MURPHY
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Aberdeen Proving Ground, MD (CONTINUED)

AMSRL-WT-WA,

H. ROGERS

B. MOORE
AMSRL-WT-WB, W. D’AMICO
AMSRL-WT-WC, T. BROSSEAU
AMSRL-WT-WD, A. NIILER
AMSRL-WT-WE, J. THOMAS
AMSRL-SC,

W. MERMAGEN

W. STUREK
AMSRL-SC-C, H. BREAUX
AMSRL-SC-CC, J. GROSH
AMSRL-SC-S, A. MARK
AMSRL-SL-I, M. STARKS
AMSRL-SL-B, P. DIETZ
AMSRL-SL-BA, J. MORRISSEY
AMSRL-SL-BG, A. YOUNG
AMSRL-SL-BL, M. RITONDO
AMSRL-SL-BS, D. BELY
AMSRL-SL-BV, R. SANDMEYER
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1

ERNST-MACH-INSTITUT
ATTN: DR. R HEISER
HAUPSTRASSE 18

WEIL AM RHEIM
GERMANY

DEFENCE RESEARCH AGENCY,
MILITARY DIVISION

ATTN: C. WOODLEY

RARDE FORT HALSTEAD
SEVENOAKS KENT, TN14 7BP
ENGLAND

DEFENCE RESEARCH AGENCY
FLIGHT DYNAMIC SECTION
ATTN: CASEY PHAN

WX7e BLDG S 16

FORT HALSTEAD

SEVENOAKS KENT TN 7BP
ENGLAND

SCHOOL OF MECHANICAL, MATERIALS
AND CIVIL ENGINEERING

ATTN: DR. BRYAN LAWTON

ROYAL MILITARY COLLEGE OF SCIENCE
SCHRIVANHAM, SWINDON,

WILTSHIRE SN6 8LA

ENGLAND

INSTITUT SAINT LOUIS
ATTIN: DR. MARC GIRAUD
DR. GUNTHER SMEETS
POSTFACH 1260

7858 WEAIL AM RHEIN 1
GERMANY

EXPLOSIVE ORDNANCE DIVISION
ATTN: A. WILDEGGER-GAISSMAIER
DEFENCE SCIENCE AND
TECHNOLOGY ORGANIZATION

P.O. BOX 1750

SALISBURY, SOUTH AUSTRALIA, 5108

ARMAMENTS DIVISION

ATIN: DR. J. LAVIGNE
DEFENCE RESEARCH
ESTABLISHMENT VALCARTIER
2459, PIE XI BVLD., NORTH
P.O. BOX 8800

"COURCELETTE, QUEBEC G0OA 1RO

CANADA

27

BALLISTIC TECHNOLOGIES
ATTN: PAVEL KRYUKOV
MOSCOW REGION B.O. 92
KALININGRAD, MOSCOW 141070
RUSSIA

TOHOKU UNIVERSITY
INSTITUTE FOR FLUID SCIENCE
ATTN: AKIHIRO SASOH

2-1-1 KATAHIRA, AOBA
SENDAI, 980-77

JAPAN

HIROSHIMA UNIVERSITY

DEPT OF MECHANICAL ENGINEERING

ATTN: XINYU CHANG
14-1 KAGAMIYAMA
HIGASHI-HIROSHIMA, 739
JAPAN




INTENTIONALLY LEFT BLANK.
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USER EVALUATION SHEET/CHANGE OF ADDRESS

This Laboratory undertakes a continuing effort to improve the quality of the reports it publishes. Your
comments/answers to the items/questions below will aid us in our efforts.

1. ARL Report Number/Author __ARL-TR-1059 (Kruczynski) Date of Report __April 1996

2. Date Report Received

3. Does this report satisfy a need? (Comment on purpose, related project, or other area of interest for which the
report will be used.)

4. Specifically, how is the report being used? (Information source, design data, procedure, source of ideas, etc.)

5. Has the information in this report led to any quantitative savings as far as man-hours or dollars saved, operating
costs avoided, or efficiencies achieved, etc? If so, please elaborate.

6. General Comments. What do you think should be changed to improve future reports? (Indicate changes to
organization, technical content, format, etc.)

Organization

CURRENT Name
ADDRESS

Street or P.O. Box No.

City, State, Zip Code

7. If indicating a Change of Address or Address Correction, please provide the Current or Correct address above and
the Old or Incorrect address below.

Organization

OLD Name
ADDRESS

Street or P.O. Box No.

City, State, Zip Code

(Remove this sheet, fold as indicated, tape closed, and mail.)
(DO NOT STAPLE)




